Plasmonic crystals provide many passive and active optical functionalities, including enhanced sensing, optical nonlinearities, light extraction from LEDs and coupling to and from subwavelength waveguides. Here we study, both experimentally and numerically, the coherent control of SPP beam excitation in finite size plasmonic crystals under focussed illumination. The correct combination of the illuminating spot size, its position relative to the plasmonic crystal, wavelength and polarisation enables the efficient shaping and directionality of SPP beam launching. We show that under strongly focussed illumination, the illuminated part of the crystal acts as an antenna, launching surface plasmon waves which are subsequently filtered by the surrounding periodic lattice. Changing the illumination conditions provides rich opportunities to engineer the SPP emission pattern. This offers an alternative technique to actively modulate and control plasmonic signals, either via micro-and nano-electromechanical switches or with electro-and all-optical beam steering which have direct implications for the development of new integrated nanophotonic devices, such as plasmonic couplers and switches and on-chip signal demultiplexing. This approach can be generalised to all kinds of surface waves, either for the coupling and discrimination of light in planar dielectric waveguides or the generation and control of non-diffractive SPP beams.
T he coherent control of optical waves by shaping the phase and amplitude of interfering wavefronts has recently resulted in significant progress in non-diffracting optical and surface plasmon polariton (SPP) beam [1] [2] [3] routing, directional coupling, optical signal switching [4] [5] [6] and flat lenses 7, 8 as well as new types of holograms 9, 10 . SPP waves, important for applications in sensing, nonlinear optics and optical interconnect applications, are uniquely positioned to take advantage of a coherent control approach as in many cases, one type of nanostructures or another, e.g., particles, grooves, plasmonic crystals, are used to couple optical signals to SPP waves and control the SPP propagation direction [11] [12] [13] [14] . Thus, the phase of the SPP beams can be designed at the point where controlled coupling of optical beams to SPPs takes place. Further adjusting the position of additional scatterers to modify both the direction and phase during SPP-in-SPP scattering, provides the freedom of design required to achieve phase and amplitude control. This has been used to achieve efficient launchers for SPPs and, in particular, finite-size SPP beams (including non-diffracting SPPs) by controlling the separation between and width of the grooves as well as building more complex optical antennas 2, 3, [15] [16] [17] . Unidirectional, wavelengthselective and broadband photon-to-SPP and SPP-to-photon scattering have been demonstrated using this approach 16, [18] [19] [20] . SPP crystals (SPPCs) -metal surfaces periodically structured on the SPP wavelength scale -have gained increasing attention due to their ability to control SPP generation and propagation through easily geometrically adjustable parameters such as the period or primitive cell geometry of the crystal. In analogy with photonic crystals, the interaction of SPPs with the plasmonic crystal lattice leads to the creation of SPP Bloch modes as the eigenmodes of the crystal. The geometry of the crystal determines the dispersion of these modes, which ultimately governs the propagation of plasmon waves on the nanostructured area as well as their interaction with illuminating light 11, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . SPPCs have been widely studied, both in the far-field and near-field, however, the vast majority of studies consider either plane wave illumination of the entire crystal, when the whole structure responds in a collective fashion, or their interaction with SPP illumination coming from the unstructured area.
Under collimated illumination, light interaction with plasmonic crystals involves the resonant excitation of the crystal's SPP Bloch modes at frequencies and in directions determined by the overlap with the spectrum of allowed SPP states and the polarisation of the excitation light 11, 21, 23 . While such considerations are generally valid only for infinite crystals, the effects of finite size plasmonic crystals is accounted for by considering the effects of the boundary on Bloch mode propagation: at the interface between the nanostructured and unstructured areas, the Bloch modes are refracted, thus allowing for efficient excitation of SPPs onto the smooth metal film surrounding the plasmonic crystal via transmission through the interface 22, 23, 29, 31 . However, the focussed illumination of plasmonic crystals differs from the collimated one in three important ways. Firstly, focusing generates a distribution of wavevectors in the incident light beam interacting with the nanostructured area and hence introduces the possibility of simultaneously exciting multiple Bloch modes with different momenta. Secondly, for strongly focussed beams the polarisation in the focal plane has various components not present in the collimated beam. Finally, the number of unit cells illuminated is greatly reduced due to the reduction in the illumination spot size, so that SPPs generated in one part of the crystal are free to propagate through the crystal without interfering with SPPs generated elsewhere, as would be the case were the crystal under plane wave illumination.
In this work, SPP beam excitation inside and outside plasmonic crystals under focussed illumination is investigated experimentally using hyperspectral near-field imaging. The experimental results are rationalised theoretically using a vectorial dipolar model accounting for multiple SPP scattering. The simultaneous excitation and propagation of different order Bloch modes on the nanostructured area and their transmission through the crystal's interface onto the smooth metal film have been studied. The sensitivity of the propagation direction and shape of the plasmonic beams to the illumination conditions were investigated. The results presented in this work open up new opportunities for designing novel SPP launchers providing both beam shape and direction control. Furthermore, this work has strong implications for the design of ultra-fast active plasmonic devices using SPPCs, where the switching and directing of signal SPP beams can be achieved by, e.g., electo-optical, all-optical or electro-mechanical control of the size, position and/or polarisation of the excitation beam.
Results
The effects of focussed illumination on the plasmonic behaviour of SPPCs were investigated on a 2D crystal comprised of circular holes of 200 nm diameter arranged in a square lattice with a periodicity of 600 nm. The overall size of the crystal is approximately 20 3 20 mm 2 , corresponding to 33 lattice periods (Fig. 1a) . The dispersion of the SPP Bloch modes supported by the crystal, as characterized by planewave illumination, exhibits the usual system of allowed and forbidden bands (Fig. 1b, c) . The near-field behaviour of the plasmonic crystal under focussed illumination was experimentally probed for two different numerical apertures (NA): 0.45 and 0.9. For both NAs considered in this work, the size of the Gaussian-shaped illumination spot on the plasmonic crystal is about 1 mm in diameter (FWHM), therefore only a 2 3 2 array of holes is illuminated (see Methods).
In contrast to the behaviour of the crystal under collimated (plane wave) illumination, where SPP waves with a width determined by the crystal size are excited (see, e.g., Refs. 15, 22, 23, 29) , focussed illumination generates SPP beams of widths much smaller than the size of the crystal and with different propagation directions both inside and outside the crystal (Fig. 2(a-f) and movie M1 for NA 5 0.45 and Fig. 3 (a-f) and movie M2 for NA 5 0.9). For both focusing conditions considered here, SPP beams of reduced spatial widths propagate on the crystal preferentially in both the (1,0) and (0,1) directions for wavelengths exceeding 650 nm. For shorter wavelengths SPP beams propagating in the (1,1) directions are also observed. Increasing the range of wavevectors present in the illumination even further by tighter focusing (Fig. 3) leads to a more complex near-field distribution as the (1,1) Bloch modes are then observed across the entire wavelength range considered. This behaviour is consistent with the calculated dispersion of the crystal (Fig. 1(c) ) which indicates that for the range of incident wavevectors corresponding to both illumination conditions, the lattice supports (1/21,0) modes, propagating in either the x or y direction throughout the wavelength range under study. However, the wavevector spectrum provided by an NA of 0.45 can only populate the (1,1) modes, propagating at 45u to the lattice principal axes, for wavelengths shorter than 655 nm, whereas the larger range of wavevectors provided by an NA of 0.9, allows for the excitation of the these modes across the entire spectral range.
At the crystal boundaries, both the reflection back into the crystal and transmission onto the smooth film of SPP beams can be observed. Using the larger NA of 0.9 enables observation of the strong refraction of the (1,1) modes as they are now populated at frequencies having propagation lengths which are sufficiently long to reach and interact with the crystal boundary. In this case, the (1/ 21,0) modes refract at normal incidence since the crystal boundary is perpendicular to the (1/21,0) directions.
Discussion
In order to understand the complex near-field distributions observed experimentally, it is necessary to consider the effects of both the reduced illumination area and the focus-driven generation of multiple incident wavevectors on the excitation and propagation of SPP beams in plasmonic crystals.
Effect of local illumination. The focussed illumination spot size (,1 mm FWHM) results in an illuminating area corresponding to a 2 3 2 array of holes subjected to a Gaussian intensity profile. Under these conditions, the illuminated lattice elements play the role of localised SPP sources effectively acting as an antenna converting incident photons into SPP beams inside the crystal. These beams then propagate across the crystal without interfering with other SPP sources that would be created under plane wave, i.e. global, illumination. The in-plane emission diagram of this antenna defines both the preferential excitation directions and width of the SPP beams. As a result, the excited SPP Bloch modes of the overall crystal are defined by the overlap, in both frequency and momentum space, of the in-plane scattering diagram of the local antenna and the allowed modes of the crystal governed by the SPP band-diagram, discussed in the following section.
The simulated SPP emission pattern for a 2 3 2 dipole array excited by a focussed Gaussian beam with the same parameters as in the experiment (Fig. 4) shows that the in-plane scattering diagram, resulting from the interference between the fields emitted by the illuminated dipoles in the antenna, is only weakly dependent on wavelength. A broad SPP beam is excited on each side of the 2 3 2 array, in the x direction, parallel to the excitation polarisation, while two narrow SPP beams, having lateral dimensions much smaller (,30 nm with divergence of ,25u) than the distance between the scatterers, are excited on each side of the array in the orthogonal y direction. It should be noted that the latter plasmonic beams are more pronounced for shorter wavelengths.
Filtering effect. The interaction of the in-plane scattering crosssection of this local SPP source with the optical modes of the crystal lattice results in further filtering of the wavevectors according to the band diagram of the structure, and is at the origin of the SPP beams observed in the experiment. The calculated nearfield intensity maps corresponding to different size arrays illuminated locally clearly illustrate this phenomenon (Fig. 5) . As the plasmonic beams interact with a larger portion of the periodic potential, the original emission diagram of the localised SPP source evolves into the recognisable (1,0) SPP Bloch modes in both the x and y directions. For the wavelength range investigated in this work, as little as four to six scatterers on each side of the antenna suffice to filter the in-plane emission diagram of the local SPP source into the crystal's SPP Bloch modes.
After filtering by the periodic potential, the distinctive SPP beams observed in the experimental results are recovered, thereby confirming that the origin of the complex near-field behaviour of plasmonic crystals under focussed illumination is determined by the convolution of the scattering diagram of the irradiated antenna and the SPP band diagram of the crystal.
Interaction with the boundary of finite size SPPC. Studying the near field distribution generated when the position of the SPP antenna is offset from the centre of the SPPC facilitates analysis of the different ways in which the antenna's emission can interact with the boundary. This corresponds to a displacement of the illumination from the geometrical centre of the crystal as may occur during an experiment (Figs. 2, 3) . First of all, due to the symmetry of the lattice, the propagation of SPPs in the x and y directions is both governed by the band diagram in the C-X orientation of the reciprocal lattice. As a result, differences between SPPs propagating in those two directions which are observed in both the experimental results (Figs. 2, 3 ) and the corresponding calculated near-field intensities (Figs. 6, 7) , may be attributed to the emission diagram of the local SPP source.
In the case of the lower NA of 0.45 (Figs. 2, 6 ), as discussed above, the in-plane SPP scattering cross-section of the 2 3 2 hole array shows a single broad beam in the x direction and two narrower beams in the y direction. The larger width of the SPP beams excited in the x direction leads to interactions with a larger portion of the crystal boundary. This results in an SPP interference pattern on the smooth metal film having 2 or 3 maxima for wavelengths ranging from 770-800 nm and 725-750 nm respectively, in close agreement with the experimental results.
However, in the y direction the two beams excited by the local SPP source have a width smaller than the period of 600 nm, resulting in interaction with a reduced portion of the crystal boundary. The only noticeable interaction is a directional broadening of the SPP beams at the boundary of the crystal, before being coupled to SPPs onto the smooth metal film. Furthermore, for wavelengths shorter than 650 nm SPP beams are also coupled in the (1,1) directions in addition to propagating along the (1,0) and (0,1) directions. As mentioned earlier, this behaviour is observed in both the experimental results ( Fig. 2(a) ) and the calculated field maps (Fig. 6(a) ) and is consistent with the calculated Bloch mode spectrum of the nanostructure ( Fig. 1(b, c)) .
A similar, yet more complex behaviour, is observed in the calculated near-field intensity maps corresponding to illumination with NA 5 0.9 (Fig. 7) . This is due to the population of the (1,1) modes for wavelengths up to 800 nm, as discussed earlier. Refraction of the (1,1) modes by the crystal's interface is observed at smaller angles in the simulations than in the experiment, as the difference in effective index between the nanostructured area and the smooth metal film is underestimated in the model which does not account for the presence of air inside the holes on the nanostructured area.
Controlling SPP beaming. The focussed illumination scheme described here opens up a route for simple and versatile control of SPP excitation by controlling the in-plane scattering diagram of a local SPP source. Being governed by the interference between the various dipoles present in the illuminated area, the response of the local SPP source is strongly dependent on the many illumination parameters: the NA, the illumination spot position, size and polarisation with regards to the antenna. Controlling the illumination NA modifies the polarisation state in the strongly focussed illumination area, thereby influencing the coherent emission of the source. Fig. 8(a,b) shows the emission diagram of a 2 3 2 dipole array excited by a Gaussian beam corresponding to two different NAs. The in-plane emission in the direction parallel to the incident polarisation is significantly suppressed for the higher NA as in this case the polarisation is no longer preferentially along x.
Alternatively, control over the illumination spot position allows the relative phase of the SPPs excited by each scatterer in the antenna to be adjusted and thus presents the ability to regulate the overall inplane interference pattern. To illustrate this effect, the emission diagram generated by a further two different geometries were calculated under identical illumination conditions (Fig. 8(c, d) ) which yield different SPP emission patterns for each combination of the local SPP source geometry.
From local illumination to collective behaviour. As noted above, due to the reduced number of unit cells driven by the excitation field in each direction, the 2 3 2 array of holes responsible for the excitation of SPPs Bloch modes in the crystal does not exhibit the collective behaviour observed when a larger portion of a plasmonic crystal is illuminated. The transition between the local illumination response described above and the well-known collective behaviour of the crystal was investigated at the crystal's resonant wavelength of 620 nm, by calculating the near-field response of a 4 3 4 array of holes as a function of the illumination spot size, while keeping the NA constant at 0.45 (Fig. 9) . As the spot size increases and each of the individual holes within the antenna contributes more equally to the excitation of Bloch modes, the collective behaviour of the plasmonic crystal is recovered, characterised by the typical periodic field distribution on the nanostructured area and the preferential coupling of SPPs onto the smooth metal film in the direction parallel to the incident light polarisation. Known edge effects from the collective behaviour of the 4 3 4 array can be identified (Fig. 9(d-f) ) leading to the focusing of the SPPs coupled to the smooth metal film. Furthermore, the range of wavevectors considered here remains sufficiently large (24.56 to 4.56 mm 21 for a wavelength of 620 nm) to populate the (1, 1/21) SPP modes which are then scattered at the corners of the array. It is worth noting the relatively small array size needed to recover the collective behaviour (4 3 4); this agrees with the minimum number of scatterers identified earlier for Bloch mode filtering as both phenomena are directly linked to the SPP lifetime on the crystal 16 .
In conclusion, this work presents a detailed investigation of the process of plasmonic beam generation using finite size plasmonic crystals under focussed illumination. It was found that the illuminating area acts as a local plasmonic antenna embedded in the periodic structure of the crystal, which conditions its radiation via Bloch mode filtering. This combination of local antenna and plasmonic crystal, allows one to achieve on-demand control of the phase and amplitude of the local plasmonic sources and thus generate, direct and shape plasmonic beams from the crystal onto the surrounding smooth metal film. The combination of illuminating spot size, position, wavelength and polarisation as well as the size of the crystal allows efficient SPP beam shaping and directionality control at normal incidence and switching of SPP beams may be achieved by changing the illumination position or size. Under this excitation scheme, the SPPC serves as a versatile photon-to-SPP conversion device acting as an on-chip SPP source, therefore offering a wide range of functionalities in the fields of integrated plasmonic circuits, demultiplexing devices, routers and sorters, as well as all-optical interconnections for optical information processing. It will also pave the way to the integration of plasmonic devices with micro-and nano-electromechanical systems (MEMS and NEMS) as well as electro-and all-optical beam steering since both the illumination beam position and polarization can be used to switch and modulate plasmonic waves.
In comparison to the standard plane wave illumination of reduced-size structures, the method described here offers far greater level of control over the excitation and propagation of SPPs while also providing larger design freedom. In particular, control over the SPP mode directionality is obtained by a combination of in-plane scattering diagram of the illuminated scatterers, crystal lattice filtering, and crystal boundary refraction. Proper engineering of the crystal's properties at each of the above steps allows yet additional control over the SPP beams. Using focussed illumination to couple to SPP beams with plasmonic crystals also has the advantage of offering a greater robustness to misalignments, making the proposed solution viable for the production of commercial devices. This approach can be generalised to any kind of surface waves, not necessarily plasmonic, as it can also be used to coupling light in planar dielectric waveguides for data-and tele-communication applications, as well as the generation and control of non-diffractive SPP beams.
Methods
Sample preparation. The plasmonic crystals were fabricated in a 100 nm thick gold film using focussed ion beam (FIB) milling. The gold film was magnetron sputtered onto a glass cover slip using a 10 nm thick Ta corresponding to 33 lattice periods (Fig. 1a) . The dispersion of SPP Bloch modes supported by the crystal represents usual system of allowed and forbidden bands (Fig. 1b, c) .
Near-field spectroscopy. In order to directly visualise the SPP interactions with the plasmonic crystals, a spectroscopic SNOM 16, 22, 32 was used, which allows simultaneous imaging of the near-field distribution at all wavelengths between 400 nm and 1000 nm. Coherent broadband light from a supercontinuum laser source was used to illuminate the sample from the substrate side. The light is first injected into a photonic crystal fibre in order to spatially localise all wavelengths in the same Gaussian spot which was then collimated using a microscope objective (NA 5 0.2, f 5 22.5 mm) before being polarised and finally focussed onto the sample through a high NA microscope objective (NA 5 0.45, f 5 3.6 mm, or NA 5 0.9, f 5 3.0 mm). The size of the illuminated area on the sample, defined by the ratio of the focal lengths of the objectives used and the mode extension size in the photonic crystal fibre, is of the order of 1 mm (FWHM) in both cases. The structure was successively illuminated with 2 different microscope objectives and for each illumination scheme, the near-field images were recorded to allow for comparison.
The signal collected by the SNOM probe is spectrally separated by a spectrometer coupled to a CCD camera, allowing acquisition of the full near-field spectrum at each pixel of the SNOM image. The probes used are pulled optical fibres coated with a 250 nm gold layer. A nano-aperture with a typical size of the order of 50 nm is created using focussed ion beam milling at the tip of the fibre. It should be noted that, based on a comparison with the numerical simulations, the SNOM probe can be considered as passive, meaning that its scattering does not contribute to the excitation of SPPs.
Numerical modelling. The coupling to and scattering of SPPs by the crystal lattice have been theoretically investigated using a point-dipole model allowing for rapid and accurate calculation of the near-field distributions on both the nanostructured and unstructured areas of the metal film.
The point dipole model used here has been proven accurate in the simulation of SPP microcomponents and photonic band gap structures formed by a set of dipolar nano-particles 33, 34 . The model exploits the analytic representation of the Green dyadic describing the scattering via SPP excitation. Following this description, the selfconsistent field at the site of the scatterers in the process of multiple scattering takes the form
where E 0 (r i ) is the self-consistent field at the site of scatterer i, k 0 is the wave vector of the incoming field in space, G(r i , r j ) is the Green tensor for near and far field regions, also known as the total field propagator, a is the polarisability of the scatterers, and E(r j ) is the field at the site of scatterer j. Here, the polarisability a has the surface dressing included i.e. the coupling of the dipole to itself through reflection in the surface. Furthermore, the polarizability, a, is a tensor, describing the polarisability in each direction:
where a 0 is the free space polarisability tensor given as
with I being the unit dyadic tensor, e is the wavelength dependent dielectric function of the metal, a is the radius of one scattering element, and e 0 is the vacuum permittivity. Note that equation (2) is valid under the long-wavelength electrostatic approximation which assumes that the field is constant within the considered range, corresponding in the present case to the size of one scatterer. Therefore, for the approximation to be valid, the wavelength must be much larger than the size of the scatterers considered. Applying the image dipole approximation on G S (r, r9) in Eq. (2), the following result is obtained for the polarisability tensor of Eq. (1).
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When Eq. (4) has been used in Eq. (1) to determine the polarisation, the final step is to calculate the field outside the scatterer as a self-consistent field:
E(r)~E 0 (r)zk 
The Green tensor for SPP-to-SPP scattering is the sum of a direct contribution, G d , in this case the free space Green's tensor, and an indirect contribution, G S , describing both reflection from the metal/dielectric interface and SPP excitation. Considering both the source and observation points being close to a metal surface but far away from each other, one can propose the use of a three-dimensional dyadic Green's tensor approximation which only accounts for the SPP elastic scattering channel and which includes both direct and indirect terms. Therefore, the Green dyadic can be represented by 
where H 1 0 is the zero-order Hankel function of the first kind, r~r E {r' E , r~r E {r' E À Á r , with jj referring to the projection of the radius vector on the xy plane which coincides with the metal/air interface, and z refers to the height of the observation point r above the surface, while h refers to the height of the source point r9.
Finally, k r and k z are the components of the three-dimensional SPP wave vector 
The Green dyadic described above has proven effective in analysing plasmonic phenomena in a variety of contexts 35 . Here we consider the response of a plasmonic crystal of N holes when illuminate by a focussed Gaussian beam. The incident beam is assumed to be a fundamental Gaussian beam before the lens and polarized in the x direction to match the experimental conditions. The holes are treated as point scatterers on the surface of the metal film, a reasonable approximation considering the assumed sub-wavelength size of the holes.
